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Background and Objective: Turner syndrome (TS) is strongly associated with both congenital and
acquired heart diseases that have been implicated in the early morbidity and mortality in these patients. It is
important for providers across various specialties to be aware of the cardiovascular aspects of this syndrome
to allow for early recognition and mitigation of potential tragic outcomes. The purpose of this article is
to provide an overview of the cardiovascular aspects of diagnosis and management of patients with TS for
general practitioners and sub-specialists involved in the care of these patients.

Methods: A literature review was performed on PubMed using search terms involving the cardiovascular
aspects of pediatric patients with T'S. The search was initially for articles published in the English language
over the last 20 years, from 2003 to 2023. Additional articles were then found via references within the
selected articles that were related to the original search.

Key Content and Findings: A total of 246 English-language articles found on an initial search of T'S and
Cardiovascular. This initial search was progressively narrowed by including further search terms in order to
find articles specific to the cardiovascular issues of TS patients. The most relevant articles were then selected
at the discretion of the authors. With the addition of further keywords, fewer articles were identified per
topic, from which the most relevant were selected at the discretion of the authors. In total 60 articles were
selected for inclusion based upon their relevance to the objectives of this narrative review article.
Conclusions: Patients with TS have a much higher prevalence of congenital and acquired heart issues than
the general population. The most common congenital cardiac issues are left-heart obstructive lesions, and
often surgical intervention is necessary early in life. These congenital cardiac issues are often exacerbated
by the acquired heart disease that must also be effectively managed. Cardiac screening from birth and then

continuous surveillance is required to ensure these patients have longer and healthier lives.
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Introduction

Turner syndrome (TS) is characterized by a set of
phenotypic characteristics in female patients that results
from variable penetrance of either complete or partial
absence of an X-chromosome. The published incidence
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within the general population is variable, but is generally
agree to be between 1 in 2,500-3,000 live births (1).
About half of TS patients have complete absence of
an X chromosome, whereas the other half have either
duplication of the long arm of one X chromosome or
somatic mosaicism. Mosaicism is presence of two or more
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ltems Specification

Date of search Multiple dates

Databases and other sources
searched

PubMed, MeSH

Search terms used

Turner syndrome and cardiovascular; turner syndrome and blood pressure; Turner syndrome and

bicuspid aortic valve; Turner syndrome and coarctation of aorta; Turner syndrome and aortic dilation;
Turner syndrome and electrocardiogram; turner syndrome and surgical outcomes; Turner syndrome and
single ventricle; Turner syndrome and transplantation

Timeframe 2003-2023
Inclusion criteria

Selection process
selected articles

Clinical trial; meta-analysis; randomized controlled trial; review; systematic review; language: English

All authors conducted the searchers at various times; all authors agreed upon the final inclusion of

cell populations with distinct genotypes within one person,
and this occurs due to nondisjunction after meiosis during
the female embryo development. This results in a portion
of the affected individual’s somatic cells having the normal
XX while others are X0. The timing of this nondisjunction
affects the percentage and distribution of the aneuploid
cells within the body of the individual with TS. Mosaic TS
patients tend to have less frequent and/or milder forms of
congenital heart disease (CHD) than their full monosomy
counterparts (2).

The overall prevalence of congenital heart disease in
TS patients is 20% to 50%; however, the prevalence and
severity of cardiac abnormalities tends to be less in patients
with mosaicism (3). Congenital heart disease accounts
for 8% and acquired heart disease 41% of the respective
mortality in this population, and together, cardiovascular
disease is the largest risk factor for death in these patients.
About half of the excess risk in TS is due to CHD with an
estimated 3-fold increase in early mortality compared to the
general population (4). Due to this increased risk, the latest
American Heart Association (AHA) guidelines recommend
prenatal confirmation by fetal echocardiogram in all cases in
which TS is suspected on routine fetal ultrasound. In cases
of confirmed CHD, the mother should receive counselling
from a pediatric cardiologist to review the potential
consequences of the specific defects and to discuss the
recommended mode and location of delivery. After delivery,
the pediatric cardiology team should be involved in the care
of any infant newly diagnosed with TS in order to start a
comprehensive evaluation and management plan as soon as

possible (5).
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In this narrative review, we provide an overview of the
care of T'S patients from a cardiac perspective. This includes
the definitions, evaluation of, and management of the most
common cardiac abnormalities that occur in TS patients.
The objective of this review is to summarize the current
knowledge about the cardiovascular aspects of TS. We
present this article in accordance with the Narrative Review
reporting checklist (available at https://pm.amegroups.com/
article/view/10.21037/pm-21-101/rc).

Methods and results

A literature review was performed on PubMed using search
terms involving the cardiovascular aspects of pediatric
patients with TS. A total of 246 English-language articles
were found on an initial search. This initial search was
narrowed by restricting the search to articles published
within the past 20 years, since 2003 (7able I). From this
search, the most relevant articles for use in this review
were selected at the discretion of the authors. The
search was then narrowed to include only those English
language primary sources published within the last 5 years
since the 2018 American Heart Association Scientific
Statement published. The selected articles we chosen
to provide an overview of several topics, including the
prevalence of congenital heart and acquired heart disease,
electrophysiologic abnormalities, and surgical management
and outcomes in TS patients. Additional papers were found
via references from articles related to the original search as
well, and these were included as deemed appropriate by the
authors.
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Discussion
Definitions and prevalence of congenital heart disease in TS

There is a significantly increased prevalence of congenital
CHD in TS patients, estimated to be anywhere 23% to
70%. This wide variability in the reported prevalence
likely reflects a wide array of imaging modalities utilized
in the various studies, different interpretation techniques
utilized (e.g., MRI, echocardiogram), the spectrum of CHD
included in the studies, and differing percentages of the
various TS karyotypes represented within the studies (6).
For instance, it has been recognized that MRI is better
at identifying bicuspid aortic valve than echocardiogram,
and so studies utilizing this modality are likely to report
a higher prevalence of this particular congenital heart
defect (7). Patients with mosaicism are also now known
to have lower prevalence of CHD than 45,X patients, and
so different percentages of mosaic individuals included
in any particular study will affect the percentage of CHD
reported. The standardized mortality ratios (SMR) for
cardiovascular morbidity and mortality in TS patients is
overall 3-fold the general population, in large part due to
this higher prevalence of CHD. Within the TS population,
SMRs of 20.7 for congenital heart disease, 23.6 for aortic
dilation and dissection, 2.8 for ischemic heart disease, and
3.9 for cerebrovascular disease are reported (6). In one
study, the investigators used MRI on 99 TS patients in
order to determine the prevalence of intrathoracic artery
abnormalities, and they found the relative risk for any
congenital heart abnormality to be 7.7, with the 2 most
common findings being bicuspid aortic valve (BAV) in
27% and aortic coarctation in 13% (8). This is significantly
higher than the general population in which BAV occurs in
1-2% and coarctation of the aorta (CoA) occurs in 0.04%
of the general population (9). BAV occurs at a higher rate
in TS patients than any other syndrome. The frequency
of BAV and other left-sided obstructive heart lesions is
less in mosaic T'S patients and also appears to be different
depending on the degree of mosaicism present (2).

The severity of left-sided obstruction is highly variable,
with BAV without any valvar stenosis at the mildest end
and hypoplastic left heart syndrome (HLHS) at the furthest
end of the spectrum of severity. HLHS is characterized by
underdevelopment of the left ventricle to the point of being
unable to provide adequate systemic cardiac output along
with varying degrees of mitral and aortic valve stenosis or
complete atresia. A prevalence of 1% to 7% of patients with
HLHS also have TS, with the actual prevalence during fetal
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life likely much higher due to the high rate of fetal demise
in patients with this combination of disorders (10).

Bicuspid aortic valve is defined as the presence of 2 aortic
valve commissures, indicating the presence of only 2 aortic
cusps rather than the typical 3. It is important to note that
TS patients are at risk of having congenital BAV in which 2
cusps are fused during the development of the valve in utero
rather than acquired BAV that can occur due to fibrosis and
calcification later in life. BAV can result in varying degrees of
stenosis or regurgitation that is typically progressive because
of the higher tendency for calcification and thickening of the
valve cusps over time. When BAV is present in the context
of TS, it is characterized as a complex valvulo-aortopathy
due to the higher likelihood of accelerated aortic valve
dysfunction (9). Due to the limitation of echo resolution,
BAV can be quite difficult to diagnose early in life and is now
occasionally captured by MRI later in life.

Neck-webbing has been found to be highly predictive of
both BAV and CoA with a 45% coincidence, whereas only
23% of patients who did not have neck-webbing have these
cardiac defects (7,11). Lymphedema and the subsequent
development of neck-webbing are hallmark features of T'S
and are associated with the development of CHD in utero.
Patients with lymphedema noted on fetal ultrasound have
a higher rate of severe CHD than those without. In theory,
the increased lymphatic pressure from jugular lymphatic
sac obstruction may cause distension of the thoracic duct
and compression of the ascending aorta. This decreases
the amount of intracardiac blood flow in the developing
fetal heart and may result in left-sided cardiac obstructive
lesions (12-14). CoA is a narrowing or stenosis at the level
of the isthmus of the aorta, which is located immediately
distal to the takeoff of the left subclavian artery, resulting
in obstruction to blood flow to the body distal to takeoff of
the head and neck arteries (Figure I). Studies have found
similar prevalences of BAV and CoA in TS patients of
14-30% and 7-25% respectively, and these defects are often
found together on initial screening. A study has also found,
however, that CoA can occur later in life in TS patients
and may only be found due to clinical suspicion or on
serial MRI’s over several years. This is contradictory to the
previously accepted theory that CoA occurs solely during
embryologic development (5,15,16).

Other cardiovascular defects that are associated with TS
include partial anomalous pulmonary venous connection
(PAPVC) with a prevalence of 1-15% (14,15,17), atrial and
ventricular septal defects seen in 1-8% (15), left superior
vena cava (LSVC) seen in 1-13% (15), and finally mitral
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Figure 1 CTA on patient with coarctation of the aorta at the most common juxta-ductal location. (A) Coronal view on cardiac CTA

demonstrating coarctation of the aorta as indicated by the arrow as a narrowing at the isthmus of the aorta, distal to the left subclavian

artery. (B) Sagittal view on the same cardiac CT angiogram study with the arrow again indicating the location of the coarctation of the aorta

distal to the left subclavian artery. CTA, computed topography angiogram.

valve abnormalities found in less than 5% of patients (16).

Acquired cardiac diseases

Aortic dilation is a known feature of TS and occurs at
a much higher rate than the general population. Aortic
dissections occur rarely in patient with T'S at a rate of 36 per
100,000 person-years; however, this is much greater than the
6 per 100,000 person-years within the general population.
It is estimated that at least 1.4 per 100 TS patients will
have an aortic dissection in their lifetime. The median age
of dissection is 35 years in these women, but with a very
wide range from 4 to 65 years (18). Aortic dissection in
TS patients mostly commonly originates in the ascending
aorta (type A dissection), after dilation of this portion of
the aorta, and this is more prevalent in TS patients with
the 45X/46X,Y karyotype (16,19). The incidence of aortic
dissection peaks between the ages of 29-35 years. Even
children and adolescents with TS have an increased risk with
an incidence of 14 per 100,000 TS patients per year between
ages 0-19 years (5,6,19). Hypertension is the most consistent
risk factor for dissection in TS patients, but bicuspid or
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unicuspid aortic valve and/or CoA have also been found
to be highly contributory (5,15,19-21). In a single center
study of 20 T'S patients with type A aortic dissection, 18
had bicuspid aortic valve and a third had hypertension.
The average age of dissection in this particular study was
31.5 years (18). While hypertension has clearly been
identified as a risk factor for dissection in TS patients, this
does not completely explain the increased prevalence of
dissection over the general population in which hypertension
is also common. Medial cystic necrosis of the aorta has been
noted on autopsies of T'S patients and this has been long felt
to be the most likely cause for aortic dilation and ultimate
dissection in T'S patients.

As previously stated, patients with TS are at increased
risk of developing acquired cardiovascular disease as well,
particularly from the secondary effects of hypertension
(5,19). Hypertension occurs at a much higher rate in
patients with TS than the general population, with an
estimated 20-40% prevalence during childhood that
increases to 60% by adulthood. Hypertension in these
patients can occur secondary to CoA, although in most
cases, a definitive cause is never identified. In one study,
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the prevalence of hypertension, defined as a systolic blood
pressure >95" percentile, was 51.7% in those with a history
of CoA repair versus 32.4% who did not have CoA (22). It
has been hypothesized that CoA may result in pre- and post-
natal renal hypoperfusion, resulting in pathologic changes,
such as dysregulation of neuroendocrine hormones, that
impact long-term blood pressure control. Additionally, TS
patients are known to have a particular form of vasculopathy
characterized by thickening of the intimal and medial
layers of the aortic wall, and this has been thought to be
a potential cause for hypertension in these patients. Pulse
wave velocity (PWYV) calculated from the carotid to the
femoral artery along with augmentation index (Al) are both
standard methods for determining arterial stiffness. Despite
the known increase in intima-medial wall thickness (IMT)
in patients with TS, a comparative study of 93 TS patients
failed to find a difference in PWV or Al between matched
controls and the TS patients (23). Another study also
found little difference in aortic distensibility between TS
patients and controls, except for those with a history of CoA
in which central diastolic pressure was also significantly
higher (24). These studies leave major questions regarding
the origin of hypertension in TS patients without CoA.
Additionally, the lack of difference in PWV and Al in TS
patients compared to controls does not illuminate any
potential etiology for their aortic dilation.

Considering the deleterious effects of hypertension on
aortic dilatation, current TS guidelines recommend the
maintenance of normal blood pressure through medical
therapy (18). Autopsies have revealed cystic intima-medial
degeneration within the aortic wall in TS patients that is
similar to that seen in other patients with aortopathies or
connective tissue disorders, such as Marfan Syndrome. It
is thought that these aortic wall abnormalities are likely
underlying the aortic dilation seen in TS. Studies on
Marfan syndrome patients have found that beta blockers
and angiotensin receptor blockers are similarly beneficial
at reducing not only blood pressure, but also the rate of
aortic dilation (25). Lin et al. conducted a study to screen
TS patients for a wide array of CHD, and it was found
that 80-90% of TS patients with aortic root dilation had
underlying hypertension or congenital heart disease, of
which BAV was most common. These are both risk factors
for the development of aortic root dilation (20). Medical
treatments that have been found to reduce the rate of aortic
dilation in Marfan patients have begun to be utilized in the
treatment of hypertension in TS patients in order to reduce
the risk of dissection.
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Surveillance and defining risk for aortic dissection/rupture

Patients with T'S are at increased risk for associated CHD
and the development of acquired heart disease, both of
which increase their long-term risk for early morbidity
and mortality. If there is suspicion for TS on routine fetal
ultrasound, a fetal echocardiogram is recommended to screen
for CHD. If CHD is found at this screening, there should
be routine follow-up provided by a Pediatric Cardiologist
during the pregnancy and a determination of a delivery
plan must be made depending on the severity of the defect.
If the diagnosis is suspected or confirmed postnatally, the
patient should undergo a complete and thorough physical
examination, including a detailed cardiac examination,
palpation of peripheral pulses, and four extremity blood
pressures, an ECG, and a complete echocardiogram (5,17,21).
When an otherwise asymptomatic female infant or child is
found to have BAV, CoA, or another left-sided obstructive
cardiac defect, then genetic testing to evaluate for TS is
recommended, in addition to the previously mentioned
work-up (5,26). Patients with TS then require more robust
screening throughout life due to their increased risk of early
onset CHD.

Aortic dilation has historically been difficult to quantify
in TS patients. Even the definition of dilation in these
patients has been a source of much debate because of
different modalities used, methods of measurement within
the same modality, and challenges in determining the
ideal method to index aortic dimensions to body size.
There has been robust debate over the best methodology
for measuring aortic dimensions by echocardiogram,
particularly due to differences between the pediatric and
adult conventions of interpretation. Therefore, there
was a push to use standardized methodology across all
patients, and most data now for TS patients is based upon
studies in which an inner-edge to inner-edge method for
both echocardiogram and MRI is used (27-29) (Figure 2).
Echocardiogram has several advantages over MRI, including
wider availability of both machines and qualified readers,
no need for IV contrast, faster scan time, and lower cost.
Nevertheless, MRI provides greater spacial resolution and
thus, accuracy in the measurement of aortic dimensions,
and therefore, this modality is becoming an dispensable part
of the surveillance in TS patients. MRI also provides more
reproducible measurements, particularly in cases in which
the aortic root is asymmetric, as is the case in many TS
patients with aortopathy (30).

TS patients are shorter and have lower body surface area
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12.7 mm (2D)

~ 15.7 mm (2D)

=
r_(_'__. 19.9 mm (2D).~

Figure 2 MRI on TS patient with standard inner-edge to inner-edge measurements. (A) Coronal view on cardiac MRI of a TS patient

demonstrating inner-edge to inner-edge measurements of the aortic valve, aortic root, and ascending aorta; (B) sagittal view on cardiac MRI

of the same TS patient demonstrating inner-edge to inner-edge measurements of the ascending aorta, aortic arch, and descending aorta.

MRI, magnetic resonance imaging; TS, Turner syndrome.

(BSA) for their age than the general population (5,26,29).
They also tend to have a higher risk of aortic dissection
and rupture at lower absolute ascending aorta diameters
than non-syndromic patients with aortic dilation, and so
determining appropriate cut-offs for medical and surgical
intervention has been difficult. Unlike in the general adult
population, absolute aortic measurement cut-offs have not
been found to be useful in T'S patients. In order to address
this issue, an index value called the aortic size index (ASI)
was developed. This value is obtained by dividing the
ascending aortic diameter by the BSA. This was previously
the preferred method of quantifying aortic dilation in TS
patients over the age of 15 when body size remains fairly
constant. Due to the higher aortic diameter to BSA ratio
in patients younger than 15, there remains debate as to
how best to quantify their aortic dilation. These adolescent
patients tend to have a higher ASI that slowly declines with
somatic growth. TS girls under the age of 15 commonly
have an ASI of 2.5 cm/m’, which is considered high risk in
adult patients (31). A study on aortic dimensions by MRI in
healthy children demonstrated a linear relationship between
absolute diameters and the square root of BSA; however,
this has not become standard practice in TS patients (32).
ASI also suffers from issues related to over- and under-
correction in adult TS patients who are at the extremes of
weight, with lower scores in obese patients and higher in
slim. The problems with ASI lead Quezada et 4. to establish
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"T'S-specific reference curves for aortic dimensions based
upon echocardiographic imaging data on 481 otherwise
healthy TS girls and women (29). The Z-scores based upon
this data have now been included in the most recent AHA
guidelines (5).

Aortic dissection is one of the most feared outcomes
in TS patients and involves tearing of the intimal layer,
resulting in a split within the aortic wall that can ultimately
lead to rupture of the outer later and extravasation. Blood
flow into the false lumen created by this separation of the
aortic layers can also lead to compression of the true lumen
of the artery and obstruction of blood flow to the body or
coronary compression, resulting in myocardial ischemia.
The second most common cause of death following aortic
dissection is acute aortic valve regurgitation, which affects
40-75% of patients (33). In a cohort of 20 adult TS patients
with a history of aortic dissection, 15 had aortic dimensions
available by echocardiogram or MRI that showed a mean
AST of 2.740.6 cm/m” (18). One of the largest and most
recent studies of aortic dimensions using MRI and involving
268 TS patients found that aortic dilation (defined as ASI
>2 cm/m’) was present in one-fifth of patients, but when
using a T'S-specific Z-score, this increased to 22.8%.
Over nearly 7 years of follow-up, the incidence of aortic
dissection was quite low at 2% overall or 0.3%/year (29).
Based upon data such as this, the current AHA guidelines
attempt to risk stratify T'S patients in terms of both their
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other cardiac comorbidities as well as their degree of aortic
dilation. For T'S patients greater than 15 years old with no
known history of comorbidities, including CoA, BAV, or
hypertension, there are 3 categories of risk from mild to
severe based upon ASL. An ASI below 2 cm/m’ is considered
low risk, and the recommendation for these patients
is periodic echocardiogram or MRI surveillance every
5 years or even longer at the discretion of the Cardiologist.
Above an ASI of 2.3 cm/m’, patients are considered
high risk and should undergo surveillance annually. An
intermediate ASI between these cut-offs is considered
moderate risk with recommended surveillance between
every 3 to 5 years. Patients with known comorbidities as
previously listed, fall into either moderate or severe risk
categories with a cut-off in ASI of 2.3 cm/m’. Below this
threshold, patients are considered moderate risk and should
have surveillance about as often as those of moderate
risk without comorbidities. High-risk patients with
comorbidities should have surveillance at least annually.
This method of risk stratification based upon both indexed
aortic size and co-morbidities seems to be validated by a
recent study of surgical outcomes in which all 5§ patients
who had an aortic dissection also had at least 1 of the 2
risk factors of hypertension or congenital heart disease, of
which CoA and BAV were the most common. Dissection
occurred primarily in the fifth decade in this cohort, with
no occurrences after 2004, which suggests that greater
recognition of risk based upon the current guidelines may
have lead to earlier intervention (34). Pediatric patients’ risk
is based upon the same comorbidities as adults, but instead
of ASI, TS-specific z-score should be used to quantify their
aortic dilation for the reasons listed above (5).

TS patients without any cardiovascular symptoms
or disease should be screened yearly beginning in early
childhood for the development of hypertension, and
it should be treated based upon current hypertension
guidelines. These specify that patients should have a blood
pressure <130/80, with systolic blood pressure >120 mmHg
as borderline (5,35). Ambulatory blood pressure monitoring
(ABPM), in which a mobile blood pressure cuff is worn
for 24 h or longer, should be considered in all TS patients
with left ventricular hypertrophy or elevated left ventricular
mass noted on echocardiogram, even if they have a normal
blood pressure reading in the office (5,36). TS patients
have been shown to have large fluctuations in blood
pressure throughout the day, and therefore, hypertension
may go undiagnosed based upon measurements done at a
single point in time. Diastolic blood pressure dips that are
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only detectable by ABPM have also been associated with
increased carotid intima-media thickness, which in itself
is a risk for insulin resistance and acquired cardiovascular
disease (37).

It is of utmost importance that T'S patients be followed
by a Cardiologist throughout life due to their increased
risk. Since the mean age of diagnosis of TS is about
9 years of age, typically these patients are initially treated
by a pediatric team; however, one study found that only
32% of patients are transitioned to adult Cardiology care.
This resulted in appropriate cardiac imaging surveillance
in only 36% of patients. It was also demonstrated that
those patients followed by a primary care provider or
other subspecialists without Cardiology involvement
were at significantly increased risk of aortic dissection. It
has been postulated that direct Cardiology involvement
was beneficial due to more aggressive and early action on
echocardiographic findings (38).

Electrophysiologic findings in TS patients

In addition to CHD and acquired heart disease, about half
of TS patients have been estimated to have “abnormalities”
on ECG. Prolongation of the QT interval is likely the best
studied of these issues, however, accelerated AV conduction,
right axis deviation (typically suggestive of left to right
shunt), left posterior fascicular block, and other T-wave
abnormalities have also been described as being more
prevalent in TS patients (39). One of the first systematic
studies to describe these abnormalities in 2008 reported
on 100 TS patients versus 100 matched controls, and the
results were significant for 21% of the T'S patients having
a prolonged QTc as defined as >440 ms compared to no
controls with QTc prolongation (40). A separate study
also found the same prevalence of 21% QTc prolongation
among 86 T'S patients, however, this time it was defined as a
QTe >450 ms (41). A study on the QT dispersion, defined as
the difference between the longest and shortest QTc on an
ECG, and heart rate variation found that TS patients may
have autonomic dysfunction with a sympathetic dominance
as a potential cause of their ECG abnormalities. This may
also explain the elevation in heart rate that is a common
feature of TS along with a quickened AV conduction rate as
manifested by a shortened PR interval.

Autonomic dysfunction with a sympathetic dominance
has previously been associated with an increased risk of
ventricular arrhythmias, and so it has been postulated that
TS patients may be at increased risk (42). Despite these
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concerns regarding both sympathetic dominance and QT
interval prolongation, no study has ever demonstrated a
higher prevalence of documented ventricular arrhythmias in
women with TS compared to the general population. This
may be due to several factors. For instance, several prior
studies have used lower cut-offs for QT compared to the
currently recommended 460 ms for women, including those
with TS (43). As has been previously noted, QTc changes
may be more related to autonomic fluctuations rather than
a pathologic channelopathy.

When applied to an electrocardiogram, the ideal QT
correction formula should result in a uniformly linear
relationship between the QT interval and heart rate within
the normal physiologic range of heart rates. This means
that the formula should result in the same QIc at any heart
rate between 60 and 180 bpm for any given individual.
Unfortunately, no such formula has ever existed. The Bazett
formula [QT/(RR)"*] was developed in 1920 and has been
used almost universally in the clinical setting to correct the
QT interval for heart rate (44). The Bazett formula has
more recently been criticized as potentially “overcorrecting”
the QT interval at higher heart rates, resulting in spuriously
long QTc intervals, especially when compared to other
formulae such as the Framingham, Hodges, and or even
individualized formulae based upon 24 h Holter data (45,46).
Thus, concern has been raised about using the Bazett
formula in T'S patients, especially during the pediatric years,
due to their tendency to have elevated heart rates. The
Hodges formula [QT + 1.75 x (HR - 60)] may be superior
to the Bazett because it results in a more level correction
across higher heart rates; however, there is little to no use
of this formula in clinical practice at this time. In 2 studies
in which the Hodges formula was compared to the Bazett
using a cutoff of 460 ms, there was in fact no difference in
Qe between TS patients and controls (47,48). This would
suggest that the QT prolongation that has been thought
to be a common feature of TS may in fact be a result of
inappropriate correction by the formula we typically use on
ECG. According to the AHA guidelines, exercise testing is
recommended as a screening tool in patients with TS and
QT prolongation >460 ms on baseline ECG. It has also
been shown, however, that TS women with a prolonged
QT at baseline have normalization of their QTc during
exercise testing, which does not occur in cases of true long
QT syndrome (49). Holter monitoring is also a useful tool
for determining if QT prolongation is persistent in a patient
with QT prolongation on baseline ECG (5).

There is little evidence in the literature to suggest that
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the use of QT prolonging medication places TS patients
at increased risk, except for a single case report involving
amiodarone (50). Current guidelines continue to suggest
that it is reasonable to avoid such medications in cases of
baseline QTc prolongation. If such medications cannot be
avoided due to perceived benefit exceeding risk, then to
obtain an ECG within 1 to 2 weeks after initiation of the
medication (5).

Interventional catheterization and surgical management
of TS patients and outcomes

As previously discussed, dilation of the ascending aorta with
subsequent aneurysm can lead to dissection and rupture in
T'S patients at a significantly higher rate and at lower aortic
size than the general population. Therefore, the purpose
of surveillance is to determine if surgical intervention is
indicated in order to prevent this nearly universally fatal
complication. Although dissection is much more common
in TS patients than the general population, it is still rare,
and therefore, the consensus on thresholds of indexed aortic
size is based upon only a few retrospective studies and
case reports largely done by the same group (5,18,26,51).
As previously mentioned, adult T'S patients who have an
ASI >2.3 cm/m’ require frequent surveillance because a
slight increase to >2.5 cm/m’ over time, then becomes an
indication for prophylactic aortic replacement. If the patient
is at the extremes of weight and their BSA is significantly
different than the average of 1.6 m’ for TS patients, then
a T'S-specific z-score of >4 can instead be used. This also
applies to pediatric patients <15 years old, who will often
have an ASI >2.5 cm/m’ (5,52). Rapid dilation, defined as a
rate of dilation >0.5 cm/year is also considered a potential
indication for surgery, and more aggressive medical
management.

CoA is present in approximately 17% of TS patients
and thus, is a common indication for intervention in
this population. Correction of CoA can be pursued
with cardiac catheterization or surgery. Intervention by
catheterization can involve either balloon angioplasty alone
or stent placement across the aortic narrowing. It has been
theorized that the innate fragility of the aortic wall in TS
patients may result in the higher risk associated with aortic
stenting. These patients have a higher rate of dissection
and rupture than the general population undergoing the
same catheter-based procedures. The largest single study to
date on TS patients with CoA undergoing stent placement
involved 19 patients from 10 centers. While no patients had
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procedural complications, 5 had adverse events on follow-
up, with 3 occurring within 30 days of the procedure. Two
patients out of this small cohort had proven dissection and
one, who had had a prior surgical intervention on their
CoA, died from dissection shortly after stent placement.
Opverall, the procedure-related risk was much higher than
the 1% found in the non-syndromic population (53). In
2010, a review of the literature reported on outcomes from
46 surgical resections, 49 balloon angioplasties, and 15 stent
placements as treatment for CoA. This study demonstrated
balloon angioplasty to be the safest intervention, with
a morbidity and mortality of 2% and 0% compared to
surgery that resulted in 30% morbidity and 11% mortality.
In this same study, in which 10 patients underwent CoA
stenting, aneurysms around the stent occurred in 2
(20%) of the patients. This indicates that while stenting
is still an option in these patients, it still comes with
significant risk (54). A case report detailing the death of a
19-year-old TS patient from aortic dissection following
serial stent dilation also stands as a warning of the danger
involved with intervention in these patients (55). While
the available data may suggest that balloon angioplasty is
the safest option in these patients, the rate of recoarctation
after this procedure is significant and the risk becomes
cumulative over several attempts at angioplasty, making it a
less desirable intervention.

Surgical repair of CoA with an end-to-end anastomosis
remains standard of care at most centers, and this is the
most frequent surgical procedure performed in TS girls
and women (14,56). An analysis of the Society of Thoracic
Surgeons (STS) Database by Chew er 4/. reported on
274 cases of CoA repair accounted for 35% of the overall
surgeries that the TS patients. These patients had a longer
post-operative length of stay in the hospital compared to
their peers without TS (56,57), likely secondary to the
significantly higher rate of post-operative complications.
For instance, significantly more T'S patients were found to
develop chylous effusions at 8.8% compared to the 2.8%
incidence in the control group. Pleural effusions requiring
drainage also occurred at a rate of 3.6% compared to 1% in
the control group of patients undergoing aortic arch repair.
Despite TS patients having increased risks of post-operative
morbidity, it has not been demonstrated that there is an
increased risk of operative mortality compared to patients
without TS in the cases of surgical CoA repair and aortic
arch repair (14,56,57). A recent review of 51 T'S patients who
underwent cardiac surgery at the Mayo Clinic found that the
adult patients had elevated post-operative risk due to their
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higher medical complexity and cardiovascular risk factors;
however, the pediatric patients did not seem to have an
elevated risk of mortality or need for reoperation compared
to the general population (34). Perhaps this difference in
post-operative complications in this more modern cohort is
due to the increased recognition of the complexities these
patients pose.

In cases of more severe left heart obstruction such as
HLHS, more complex surgical intervention is necessary.
Often the only option for these patients is to proceed down
a single ventricle palliative pathway that involves 3 surgeries
early in life, including the Norwood procedure (stage I),
Glenn procedure (stage II), and finally Fontan completion
(stage III). An in-depth description of these complex
surgeries is beyond the purview of this review; however,
the goal of this staged palliative pathway is to reroute all
systemic venous blood flow directly to the pulmonary
arteries, without a sub-pulmonary ventricle. This allows
the morphologic right ventricle to be the systemic pumping
chamber alone, since in HLHS the morphologic left
ventricle is too small to provide cardiac output to the
body. HLHS patients undergoing staged palliation are
most tenuous between stage I and stage II, which is called
the interstage period. TS patients with HLHS have an
increased risk of mortality after undergoing single ventricle
palliation when compared to patients without TS. Cramer
et al. reported their single center data at the Children’s
Hospital of Wisconsin in which 4 patients underwent a
Norwood procedure. In this series, 1 patient died before
making it to stage II palliation and of the 3 patients
remaining, only 1 patient ultimately survived as a Fontan
patient. This patient was in palliative care at the time of
publication (57). The Texas Birth Defect Registry was also
queried by Lara et /., and this study reported the outcomes
of 11 patients with HLHS and TS. In this series, only
5 patients survived to stage I palliation, and then 3 died
during the interstage period after Norwood procedure.
Two underwent stage II palliation and survived for one year
following the procedure, but then 1 then died, leaving only
1 survivor at the time of the study (10). The previously-
mentioned STS database study reported on 59 TS patients
who underwent the Norwood procedure and there was no
difference in operative mortality, cardiopulmonary bypass
time, major post-operative complications, or post-operative
length of stay between T'S patients and other infants with
HLHS. Nevertheless, there was a noticeable drop in
the number of TS patients reported to have undergone
Glenn operation to 33 and there was a further decline to

Pediatr Med 2024;7:16 | https://dx.doi.org/10.21037/pm-21-101



Page 10 of 13

27 who underwent Fontan completion. This contrasts
with the general HLHS patient population, in which
there were in fact more patients who underwent Glenn
and Fontan then Norwood since at times there is no need
for Norwood as the initial surgery. Due to the limitation
of such a review, it was impossible to know for sure the
reason for this decline in the number of TS patients over
the course of the 3 stages, but it was postulated that it
could be due to interstage mortality (56). A separate study
on the outcomes of surgical intervention in patients with
HLHS demonstrated that genetic syndromes, of which
TS was the most common in the cohort, confers a highly
unfavorable risk of adverse events and death following the
Norwood operation with mortality reported as high as
80% (58). A recent study utilizing the Pediatric Cardiac
Care Consortium registry data reported on the outcomes of
179 pediatric-aged TS patients with left-sided obstructive
lesions, including CoA, aortic valve stenosis, and HLHS
variants, found that the overall 30-year transplant free
survival was 90.4% and not different from matched controls.
Despite this, the survival of TS patients with HLHS
seemed to be much lower than the controls, with only 33%
survival versus 51% in the nonsyndromic patients (59).
Due to the increased risk TS patients with HLHS pose
for staged palliation, the question of primary transplant
has previously been raised. A case report on a patient with
TS and HLHS described the clinical course that involved
the patient undergoing successful heart transplantation
following a temporizing hybrid procedure (60). Further
research is necessary to more thoroughly evaluate this as
a potential option in these patients given the inherently
higher risk they have with the more standard staged single

ventricle palliation.

Conclusions

Patients with TS are at an increased risk of being born
with CHD, typically left-sided obstructive cardiac lesions,
including BAV and CoA of the aorta, and are at increased
risk for developing acquired heart disease during their
lifetime, including hypertension, ascending aortic dilation,
and aortic dissection. A concern for TS on prenatal
screening should prompt a complete cardiac evaluation
prior to birth if possible with continued surveillance
throughout life. The frequency at which screening
takes place should be based depending upon their risk
assessments over time. Pediatric cardiology, and often
Cardiothoracic Surgery, need to be involved in the care of
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any T'S patient with congenital or acquired heart defects.
Once these patients reach their adult years, they should be
transitioned to adult Cardiology for continued surveillance.
Electrocardiographic abnormalities are seen more often
in these patients as well, however, there is currently no
data to suggest that they are at increased risk for fatal
arrhythmias. Medical management of these patients from
a cardiovascular standpoint mostly centers upon treatment
of hypertension, which is more common in this population
and can accelerate aortic dilation. Surgical management
is often necessary for T'S patients born with left-sided
obstructive lesions or those who develop a concerning
degree of aortic dilation that places them at increased risk
for dissection. Despite having increased risk for prolonged
hospital stay and minor complications, studies have shown
that T'S patients have similar long-term outcomes following
surgery as their nonsyndromic peers. The exception to this
is TS patients with HLHS who seem to fare worse than
their nonsyndromic peers in the course of staged surgical
palliation. Due to the increased risk that TS confers in cases
of HLHS, some would consider primary transplant a better
option.
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